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Summary findings
Using panel data from 50 countries and 35 urban areas * The presence of railways at the national level (covering a wide range of country incomes), Ingram and reduces commercial vehicle ownership but not car Liu summarize trends in motorization and the provision ownership, suggesting that rail is competitive for freight of roads, and they examine the ratio of motor vehicles to but not for passenger travel as incomes grow. roads in a production function framework at both * Nationally, road networks expand more slowly than national and urban levels. They find regularities very incomes, but paved road networks expand at the same strong across countries and urban areas and over time.
rate as incomes. Road provision appears to be quite Among their sometimes surprising findings:
responsive to demand nationally. -Economic development increases demand for * For specific urban areas, per capita road length is transport, reliance on cars and trucks, and road positively associated with national income level but provision. changes little over time, showing that history or urban Motorization expands at the same rate as per capita endowments matter. The annexation of surrounding income, but the auto fleet expands more rapidly, and developed area appears to play a big role in expanding commercial vehicles less rapidly, than income. At early urban road length. Urban areas average roughly 15 times stages of motorization, commercial vehicles comprise a more road length per unit area, and seven times more large share of the motor vehicle fleet. Passenger transport vehicles per kilometer of road, than countries,-and a by automobile becomes more prominent as income saturation level exists for urban road length per unit of grows. Both country and urban data show evidence of area. similar saturation levels for car and total motor vehicle * Vehicles per kilometer of road are positively ownership.
associated with income, with (proxies for) land prices, and with low gasoline prices.
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The increasing ownership and use of motor vehicles is a frequent topic of analysis and debate at the global, national, and local (especially urban) level. Motor vehicle ownership and use increase with income, and income growth in large developing countries is expanding motor vehicle markets and increasing fleet sizes. Adverse environmental impacts from the global and national growth of motor vehicle use are viewed as inevitable by some studies (Economist, 1996) . Others argue that national patterns of motor vehicle use are sustainable (Prud'homme, et al., 1997) . Moreover, motor vehicles are central to the urban transport debate because increased motor vehicle use causes congestion, contributes to low density development, and often reduces transit use. Some analysts have argued that urban development densities must be increased to reduce auto dependence and promote transit use (Newman and Kenworthy, 1989) .
Most motor vehicles are privately owned in market economies, and they use roads-most of which result from public investment. In urbanized areas road construction is economically costly and politically contentious. Motor vehicle services are produced by combining privately owned vehicles with publicly owned roads, but relatively little is known about how road provision varies across countries or with vehicle ownership, and few analysts have examined the provision of roads at the national or urban level. Some recent work has related investment in infrastructure to economic growth, typically finding that investments in roads are strongly associated with economic growth (Aschauer, 1989 (Aschauer, , 1990 Canning and Fay, 1993) . However, these studies do not address road provision and its relation to motor vehicles. The analysis presented here examines vehicle ownership and road provision over time and across nations and urban areas.
The country-level and city-level data sets used in this study are compiled from numerous sources. A detailed explanation of the data sources and the definitions of variables used is provided in the Appendix. Appendix Table 1 lists all 50 countries in the sample and their per capita GNP in 1970 GNP in , 1980 GNP in , and 1990 . The sample covers a wide range of country income levels, ranging in 1990 from $260 to $28,000 per capita in 1987 US dollars at market exchange rates. GNP at market exchange rates-rather than at purchasing power parity exchange rates-is used in this analysis because vehicles are traded goods, and market exchange rate GNP measures the ability of an economy to purchase traded goods. Appendix Table 2 presents the simple statistics for the key variables used in the country-level empirical analyses. The city-level data set includes 35 world cities (both developed and developing). Appendix Table 3 lists the key variables and their simple statistics for all cities included in the city sample.
The national and urban samples do not overlap precisely in geographical terms and in time, but it is usefil to compare some summary statistics, shown below for 1980, between the two different samples for developing countries and for high income countries. 2 Relative to countries, urban areas obviously have much higher population densities, higher road network densities, more motor vehicles per unit of road, somewhat more vehicles per thousand persons, and much less road length per person. This is true for both developing and high income countries. The data suggest that, on average, national road systems are uncongested while urban road systems are congested.
The summary averages also show some key differences between developing and high income cities. Relative to high income cities, developing cities have higher population densities, lower road network densities, fewer motor vehicles per thousand persons, and less road length per person. The result is a relatively small difference in motor vehicles per unit of road between developing and high income cities. Simple economic reasoning produces a number of hypotheses about the relations among the major variables. Although the vehicle fleet grows with income, the fleet mix should change systematically with income. The number of freight vehicles is likely to grow less rapidly than total output because the production of goods increases less rapidly than the production of services, and freight volumes may lag GNP growth. And as incomes rise, labor costs rise relative to capital costs, increasing average truck size, capacity, and load. These latter trends will tend to raise truck load factors.
Sample Summary Averages--1980
For passenger travel income growth raises the value of time, shifting demand from slower, cheaper modes to faster, costlier modes (Meyer and Meyer, 1987) . In urban areas demand shifts from transit to cars, often degrading transit service as its passenger volumes decline, although migration from rural to urban areas could compensate for this in low income countries. Dispersed urban land use patterns also promote car use. Increases in the value of time make the circuitous routing required to serve multiple passengers by car more costly, lowering the number of passengers per car and raising the demand for cars. And these trends will tend to lower car-load factors. For both freight and passenger 3 travel, the presence of potential substitute modes, such as railways, should reduce motorization levels.
Economic reasoning also indicates that the extent of the national road network would increase with output, allowing increased accessibility to the whole country. Holding other variables constant, urbanization's effect on the national road network is difficult to predict. Spatially concentrating people and economic activity in cities may concentrate demand on intra-city roads but specialization associated with urbanization may also increase demand for less heavily traveled roads between cities. The presence of substitute modes, particularly railways, should reduce the need for roads. Motor vehicle speeds rise and operating costs fall as road quality improves, so economic efficiency suggests that road quality-particularly the share of roads that are paved-should increase with income. A substantial question is whether public road providers behave economically, since few face market incentives. In comparing national with urban road provision, the higher cost of road provision in urban areas is likely to be a cause of the smaller per capita road amounts and a slower rate of road network expansion.
Finally, when combining motor vehicles with roads to produce road transport services, some strong hypotheses stem from likely price effects. Motor vehicles are traded goods, and roads are non-traded goods. The ratio of the prices of non-traded to traded goods rises with income. Hence roads will become more costly relative to vehicles as incomes rise (assuming no congestion at the national level), so the ratio of motor vehicles to roads should rise with income. In urban areas where congestion is obviously present, higher levels of congestion will increase travel times, linking the generalized costs of vehicle use with income levels. In this case, income growth may lead to additional road construction to relieve congestion. Such a response would tend to reduce the ratio of motor vehicles to roads in urban areas with high income levels.
The empirical results reported here strongly support most of the hypotheses sketched above. In particular, road provision is very responsive to economic factors at the country level, and the pattern of road provision across countries conforms well to predictions based on economic reasoning. In urban areas, however, road provision involves more complex processes because it is difficult to expand roads in built-up areas, and private travel costs do not correctly reflect congestion.
The analysis is presented in two main sections, the first dealing with the national data and the second with the urban area data. Each section describes the growth of motor vehicles and the growth of roads, and then examines the combining of vehicles and roads to produce road transport services. Motorization describes the transition to higher levels of ownership and use of road going motor vehicles. Over the last four decades, many studies have attempted to model the trends of motorization in various countries and periods. The models were developed mainly for understanding the determinants of motor vehicle ownership and use, and forecasting the future levels of vehicle ownership and use. With few exceptions (Hensher, et al. 1990; Pindyck, 1979; Wheaton, 1980; Button et al., 1993) , however, most of these models focused on vehicle ownership instead of vehicle usage. Good surveys of these studies can be found in Glaister (1981, Ch. 7) and Ortuzar and Willumsen (1994, Ch. 13) . M&re thorough discussions of the motor vehicle ownership forecasting problem can be found in Button, et al. (1982) , Mogridge (1983), and Train (1986) .
Several families of models have been developed over the years. Among the earliest were the time-series extrapolation models which attempted to extrapolate the national or regional motor vehicle ownership trends to future years under an explicit assumption of a saturation level (Tanner, 1974; Mogridge, 1967 Mogridge, , 1989 . A popular functional form is the S-shaped logistic equation. The second family of models is the household-based car ownership model (Quarmby and Bates, 1970; Bates, et al. 1978) , which uses disaggregate data to explain household car ownership behavior (instead of looking at the general trends). This family of models typically uses a logit model specification to estimate the probabilities of owning 0, 1, and 2 or more cars. The third family of models includes a host of econometric models that use demographic variables, income variables, and transport system variables to explain the cross-section variations or changes over time in motor vehicle ownership. Depending on the types of data used, these models can be further divided into three groups: (1) time-series models (Wildhorn, et al. 1974; Sweeney, 1978; Chin and Smith, 1997) ; (2) cross-section models which produce long-run income elasticity estimates (Beesley and Kain, 1964; Silberston, 1970; Wheaton, 1982; Kain, 1983; Kain and Liu, 1994) ; and (3) panel data models (Pindyck, 1979) .
Representative results from several of the studies mentioned above are summarized in Table 1 . This summary suggests that the income elasticities from time series data are typically smaller than those from cross sectional data, and that those from urban level data are less than those from country level data. In addition, the income elasticities for commercial vehicles are generally smaller than for cars. The analyses that follow are based on national and urban area datasets for a wide range of country income levels at two to three points in time. The results will be compared to the previous findings. Because most motor vehicles are purchased by individuals, households, or firms and are privately owned, motorization is normalized with respect to the population and normally measured per thousand persons. 1 Across countries, there is a strong relation between the level of economic development and the level of motorization. Figure 1 shows the log-log association between GNP per capita (in 1987 US dollars at market prices) and
We have not made adjustments compensating for differences in demographic structure across countries. These may affect auto ownership (children do not buy cars) but may lead to firther adjustments in per capita income measures (children may consume less than adults). 6 total motor vehicle ownership (excluding motorcycles because of lack of data) per thousand population for 50 countries in both 1970 and 1990.2 In Figure 1 and the following figures, a line segment connects each country's position in 1970 with its position in 1990. Most line segments have a upward slope. Because the level of motor vehicle ownership for every country in 1990 exceeded its level of motor vehicle ownership in 1970, the upward sloping line segments belong to countries whose real per capita income increased between 1970 and 1990. The downward sloping line segments belong to countries whose real per capita income declined between 1970 and 1990. In the logarithm scale for both axes, most of the upward sloping line segments exhibit slopes similar to each other and to the overall cross country reiation. They all together exhibit a remarkably linear pattern. There is little evidence iiiFigure I that the growth of motor vehicle ownership with income slows in countries at high income levels. In contrast, Figure 2 shows a weak negative association between motor vehicle ownership and population density across countries. For individual countries, however, the association is typically positive and nearly all individual line segments are upward sloping. Since the land area of a country rarely changes, the upward sloping line segments indicate that both population and motor vehicle ownership increase over time. Yet countries with similar levels of motor vehicle ownership have very different population densities, and vice versa. Both very low population density countries (USA, Canada, and Australia) and very high density countries (Netherlands and Belgium) have very high levels of motor vehicle ownership, while high density countries have widely ranging car ownership levels. 
Motor Vehicle Ownership Models
A number of statistical models are estimated to explain more precisely the crosscountry variations of total motor vehicle, private car, and commercial vehicle ownership. All models adopt a similar form of functional specification shown below:
where V is level of vehicle ownership per thousand population; Y, real GNP per capita; Dso and D 9 o, dummy variables for the years 1980 and 1990, respectively; Xi, other explanatory variables; bo, ... bi, parameters to be estimated; and e, error term. The dependent variable and all explanatory variables (except the dummy variables and those expressed in percentage) are logarithms of the variables. In this specification the coefficient estimates are the constant elasticities of the dependent variable with respect to the relevant independent variable.
The results are shown in Table 2 . The coefficient estimates of both explanatory variables and dummy variables, except gasoline prices and rail network density, are remarkably similar in terms of signs and magnitude across all equations.
Per capita income. It is statistically the most significant among the explanatory variable As the R 2 of Eq. 1, Eq. 5, and Eq. 9 indicate, per capita income, along with a constant term, gasoline prices (statistically insignificant), and two year dummies, explain 91 percent of the variance of total motor vehicle ownership, 90 percent of the variance of car ownership, and 76 percent of the variance of commercial vehicle ownership. Adding other explanatory variables only increases the B? slightly. Moreover, a comparison of estimates from equations with identical specification suggests that car owneiship is more income elastic than commercial vehicle ownership. All these results are broadly consistent with estimates obtained from the previous studies referred to earlier in Table 1. 8 Gasoline price regime. Because gasoline price data for 1970, 1980, and 1990 are not available for many countries (particularly developing countries) in the sample, the gasoline price data used here are those of 1997. They are used as a proxy of gasoline price regime. This is plausible because the gasoline price regime has not changed radically for most countries. As shown in Table 2 , the coefficient estimates of gasoline prices are statistically insignificant, and many carry the wrong sign (for cars and total motor vehicles). The insignificant estimates suggest that gasoline prices have little impact on the level of motor vehicle ownership. Other studies have found that gasoline prices affect auto use more than auto ownership (Pindyck, 1979; Wheaton, 1982) .
Population density. As anticipated in Figure 2 , the coefficient estimates for population density carry a negative sign and are statistically significant. They suggest that holding everything else constant, countries with lower population density have higher levels of vehicle ownership. Low overall population density may increase average trip lengths and spur motorization.
Degree of urbanization. The coefficient estimates for the share of urban population carry a positive sign and are statistically significant. Ex ante, the effect of urbanization on vehicle ownership is ambiguous. First, urbanization may be negatively associated with motor vehicle ownership because motorized road transport is more attractive in rural than in urban areas. Other transport modes are often more competitive 9 in urban areas where population densities are high and more alternative modes are available. Holding everything else constant, rural households are more likely to own motor vehicles than urban households (Deaton, 1987) . Second, urbanization is highly associated with per capita income (Ingram, 1997) . The estimates presented here suggest that the collinearity of urbanization with income dominates, as the estimated income elasticities are lowest in the equations that include urbanization.
Year effect. All coefficient estimates for the 1980 and 1990 year dummies carry a positive sign and the estimates for the 1990 year dummies are roughly double (especially for cars) those for 1980. These indicate that vehicle ownership curves have shifted up by a similar proportion each decade, and that the income elasticity estimates obtained from time-series data for individual countries in this sample would likely be greater than estimates obtained from cross-section data at a point of time-contradicting the pattern in Table 1 . The year effect may also reflect changes in vehicle technology-the average age of vehicle fleets has been increasing in the past two decades in many countries.
Rail network density. The coefficient estimates for rail network density indicate that higher rail density is positively associated with auto ownership and negatively (though insignificantly) with commercial vehicle ownership.
Car share of the fleet
That car ownership is more income elastic than commercial vehicle ownership implies that the share of cars in total motor vehicle fleet increases with per capita income. Figure 3 confirms this. The percentage of passenger cars in the total motor vehicle fleet increases with per capita income, but at a decreasing rate, exhibiting a classic pattern of convergence or saturation at high income levels. For most countries (except a few with relatively high per capita income), the percentage of cars increases with the growth of per capita income. Although there is a general pattern of convergence, the wide variation in the car fleet share at high income levels (between 75 percent and 95 percent for most high income countries) is noteworthy-countries appear to be converging to different asymptotes.
These differences in auto fleet shares at high income levels are likely to be driven by differing availability of substitute modes and differing relative prices between commercial vehicles and automobiles. Table 3 presents the results of five regressions attempting to explain the share of cars. Among all explanatory variables, only per capita income and rail density are statistically significant-both increasing the car share. This indicates that rail is a stronger substitute for commercial vehicles than for cars. It also suggests that rail is more competitive with trucks for freight than with cars for passengers. Lack of data prevents us from exploring the effect of variables such as relative prices and taxes between private cars and commercial vehicles, however.
2.1.5. Saturation level Saturation is defined as a level at which the rate of growth in vehicle ownership becomes zero. It is often hypothesized that for high income countries, motor vehicle ownership will grow at a declining rate with per capita income growth, and eventually cease to grow when a saturation level is reached (Mogridge, 1967; Tanner, 1974) . As Figure 1 indicates, however, motor vehicle ownership continues to grow even in the highest income countries. Nonetheless, it is useful to examine whether there is a saturation level. This can be done by estimating the S-shaped logistic vehicle ownership regressions with alternative assumed saturation levels. The regression with the highest R 2 gives the saturation level under the "business as usual" scenario. 3 The altemative regressions have the following functional form:
where V is vehicle ownership; S, saturation level; Y, per capita GNP; D, population density; P, gasoline prices; d80 and d90, year dummies for 1980 and 1990; and bo, ... b6, parameters.
The saturation levels are at 770 cars and 1,180 total motor vehicles per thousand population. The R 2 for these regressions are over 0.90 and all the explanatory variables are statistically significant. For comparison, the U.S. ownership levels in 1990 were 574 cars and 755 motor vehicles per thousand population. It should be noted, however, that lower levels of saturation could result if strong changes in underlying factors, such as increase in fuel prices, were induced by high levels of world motorization.
In summary, economic development increases demand for and reliance on autos and trucks. The endowments of other modes affects motor vehicle ownership, as does transport policy, but income growth is an extremely strong determinant of motorization. Developing countries are increasing motorization of both passenger and freight transport. They are closely following the patterns exhibited by industrial countries in the relation between income and motorization. Rapid income growth in developing countries is likely to produce rapid increases in motorization unless there are very strong changes in policies or in the prices of vehicles relative to other goods. 12
Provision of Roadways at the National Level
Related Studies
Although many earlier studies examine the impact of economic development on roadway network provision, they tend to be highly descriptive and country-specific. There are very few cross-country empirical studies. Bennathan, et. al (1992) used data from 36 countries to analyze the relations of domestic rail and road freight transport demand (in ton-kilometers) with country income and land area variables. During recent years, a seminal paper by Aschauer (1989) generated a great deal of interest in the impact of highway investment on the rate of economic growth (Aschauer, 1990; Hulten and Schwab, 1991; Holtz-Eakin, 1992; Femald, 1992; Duffy-Deno and Eberts, 1991; Morrison and Schwartz, 1992; Canning and Fay, 1993; Nadiri and Mamuneas, 1996) . In terms of the data analyzed, Canning and Fay (1993) is particularly notable; they used a panel of 96 countries for the period 1960-85 taken at 5-year intervals to examine the effect of transport networks on economic growth. The findings from these studies indicate strong association of transport investment with economic growth.
However, there are virtually no studies that examine the regularities of physical provision of roadways across country income levels and over time. This section explores these regularities. It should be noted that the empirical analyses that follow do not attempt to address causal relations between economic growth and roadway provision, but examine the association between the variables.
Roadway Provision across Country Income Levels and Over Time
Roadways complement motorization, but road development is predominantly public investment and often subject to multiple objectives (defense, national unification, and regional equity) while vehicular investment is largely private. Because vehicles are mainly owned and used by individuals, the common measure of motorization (vehicles per 1000 persons) relates vehicles to population. Roads are also used by individuals, but at the national level they provide access to fixed locations. More roads connect more locations and do so more efficiently. Because of the connectivity and inherently spatial aspect of roads, the primary measure of road networks at the national level used here is road network density (road length per unit area) rather than road length per capita (which is more appropriate for urban areas where system capacity matters). The provision of roads per unit area is best explained by income per unit area, which is a measure of the relevant expenditure capacity. Figure 4a plots the log-log relation of total road network density with income density (defined as income per square kilometer) for the 50 countries in both 1970 and 1990 . Similarly, Figure 4b plots the log-log relation of paved road network density with income density. Both total road network density and paved road network density are closely correlated with income density. Within a country both total road and paved road network densities tend to increase with income density, but the paved road network tends to expand faster than the total road network. The strong relation between road provision and income is very similar to that between motorization and income in Figure 1 . Both relations are strongly linear in logarithms and in both relations the changes over time for individual countries are very collinear with the cross sectional pattern across countries. Table 4 . The first two are total road network density equations, and the second two, paved road network density equations.
The role of income density vs. per capita income. The income variable used in Eq. 1 and Eq. 3 is income density. Because income density is the product of per capita income and population density, these two equations actually restrict the parameters for both per capita income and population density to be equal. The restriction is relaxed in Eq. 2 and Eq. 4 by estimating the parameters for per capita income and population density separately. As the estimates indicate, both total road and paved road network densities are highly correlated with income density. They also can be explained well jointly by per capita income and population density. Moreover, the coefficients of per capita income and population density are similar in magnitude, indicating that income density is an appropriate specification. The estimated income density elasticities suggest that a one-percent increase in income density would be accompanied by 0.67 percent increase in total road density but by almost one percent increase in paved road density. Holding population density and other variables constant, a one-percent increase in per capita income would also be accompanied by virtually the same responses. Since per capita income is a key determinant of motor vehicle ownership, the increase in road network density is closely related to the growth of motor vehicle ownership. This is particularly true for paved roads, and road paving may be primarily of benefit to motor vehicle traffic.
Population density. There are two ways of increasing income density: holding per capita income constant and increasing population density, or the reverse. Eq. 2 and Eq. 4 indicate that increasing population density has a slightly stronger effect than increasing per capita income. (Recall that population density is negatively associated with car ownership in Table 2 .) Similar to per capita income, population density affects paved roads more than total roads, and paved roads are unit elastic with respect to population density. This implies that paved road length per capita is independent of population density at the national level. Higher population density contributes to higher traffic density that requires more efficient roads in terms of carrying capacity and speeds.
Degree of urbanization. The coefficient estimates for the share of urban population are statistically insignificant (except in Eq. 1). As is the case with motorization, the effect of urbanization on road density is likely to be mixed. Urbanization is positively correlated with income, which would indicate a positive relation with road network density. However, urbanization concentrates activity and might lead to fewer roads at the national levelsuggesting a potential negative relation with road network density.
Year effect. The coefficient estimates for the year dummies are statistically insignificant, suggesting that there are no important omitted variables that are correlated with time.
Railroad Network Density Income, and Population Density
For comparison, two regressions are estimated to examine the cross-country variation in rail network density using data from 47 countries. The results are also shown in Table 4 . Simitlarly to the road network equations, either income density or the combination of per capita income and population density explains the variation of rail network density well. Railroad networks are positively associated with per capita income and population, but less than total road and paved road networks.
Experience from many countries suggests that railroad traffic has grown much slower than GNP and, as a result of road transport competition, railroads havebeen cutting back on branch lines in favor of long haul, high volume traffic. This is confirmed by the coefficient estimates of the year dummies, which carry a negative sign and are statistically significant. The magnitude is greater for the 1990 dummy than the 1980 dummy, reflecting the general trend of rail network contraction over the last three or four decades. The positive correlation of rail network density with income levels may reflect a historical artifact that most high income countries industrialized early during the era when rails were the dominant technology.
Percentage of Roads Paved
The earlier results show that income elasticities of paved roads tend to be greater than those of total roads. In other words, the percentage of roads that are paved tends to increase with income growth. Table 5 presents three regressions that attempt to measure the magnitude of the effect of income on road paving. The pooled sample estimates 16 obtained from Eq. 3 suggest that either a one-percent increase in per capita income or a one-percent increase in population density would be accompanied by roughly a one percent reduction in unpaved roads. In other words, a one-percent increase in income density would be accompanied by a one percent reduction in unpaved roads. Although the coefficient estimate for the 1990 year dummy is positive, implying that the curves for --individual years tend to shift up over time, the shift is small and not statistically significant. According to Eq. 3, paved roads comprise 80 percent of total roads at a per capita income level of US$1,000 (in 1987 prices) and a population density of 100 persons per square kilometer, or at US$3,000 per capita and 25 persons per square kilometer. It is fair to say that most road paving activity occurs in low to middle income countries. 
Production of Road Transport Services at the National Level
Road Service Production
Motor vehicle services are produced with roads and motor vehicles (and many other factors) as inputs. If this process is represented in the context of a typical production function, the first order conditions indicate that the ratio of the inputs will depend on their relative prices and on technological factors that may differ across countries. This can be written as follows.
Assume a country uses motor vehicles (V) and roads (R) to produce road transport services (S):
S=kVaRb a>O,bi;O. If the prices of V and R, (p, q), are given, the economic behavior is to minimize total production cost for a given level of services (So): min pV+qR s.t. kVaRb= So
Taking the first order conditions yields:
This is a typical production function of a competitive firm. The question is whether a country behaves like a competitive firm in road service production. What really matters in this framework is the government provision of roadways because motor vehicle ownership and use are largely private. To the extent that governments base road investmenfs on economic approaches, such as cost-benefit analysis, road provision may be reasonably efficient in economic terms. Certainly many road authorities use planning models and quantitative approaches to select road investments.
An ideal input ratio would be actual traffic volumes (vehicle kilometers traveled) per kilometer of road network. There is surprisingly little information on aggregate traffic volumes at the national level, and such data are often based on intermediate variables such as fuel consumption. Most traffic volume data are link-specific because traffic volumes on specific network links at specific times are important for the understanding of network use. For most developing countries, road traffic volume statistics for the entire road network simply do not exist. Therefore, we use motor vehicles per kilometer of roads as the ratio of inputs.
The cost of roads will vary systematically across countries reflecting variation in the cost of land and variation in the prices of the (mostly) non-traded inputs (e.g. labor and most construction materials) that are used in road construction. Income density is used as a proxy for national land prices. Income per capita is used as a proxy for variation in the price of non-tradables relative to tradables across countries. The quality of road networks varies across countries, and better road networks will be able to accommodate more motor vehicles per kilometer. The percent of the road network that is paved is used to measure the quality of roads.
The price of motor vehicles should not vary across countries because they are traded goods. Countries obviously impose taxes and fees on motor vehicles, but we do not have data or a reasonable proxy for these taxes. The only vehicle price information that we have is an index of gasoline prices. If a network is congested, then increases in the number of motor vehicles per kilometer of road will reduce speeds and increase the cost of vehicle operation, and these costs will increase with the value of time, best measured by per capita income. If road systems are congested, per capita income would also serve as a proxy for the cost of vehicle services. However, for most of the countries in the sample, the national road network is not congested, and we believe that at the national level the per capita income measure is proxying the relative price of non-traded inputs used in road construction. Figure 5a shows the log-log relation of total motor vehicles per kilometer of total roads with per capita income. Figure 5b shows the similar relation for motor vehicles per kilometer of paved roads. Vehicle traffic on the entire road network tends to increase with income, both within a country and across countries. In contrast, vehicle traffic on the paved road network tends to increase with income within a country, but to change relatively little across countries. This is consistent with the earlier results showing how roads and vehicle ownership varied with income. The total road network increases more slowly than income while the paved road network and vehicle ownership increase at about the same rate as income. The result is that the density of paved roads across countries increases in step with the growth of the motor vehicle fleet. Table 6 presents the parameter estimates of vehicle/road ratio regressions for total roads (Eq. 1 to Eq. 3) and paved roads (Eq. 4 to Eq. 6). For total roads, the coefficient estimates of income density (proxying land prices), per capita income (proxying the rising costs of other nontradable road inputs), gasoline prices, and percentage of roads paved basically confirm the above road service production hypothesis, although the effect of gasoline prices is barely significant.
Motor Vehicles Per Kilometer of Roads
Regression Results
Eq. 4 to Eq. 6 parallel Eq. 1 to Eq. 3 in terms of functional specifications, but have less explanatory power, with R 2 below 0.4. The coefficient estimates for income density are smaller and have the correct sign. Because income density variable is used as a proxy of land prices, the smaller coefficients may reflect the fact that most road paving is done on existing unpaved roads, and therefore increases in land prices have less effect on road paving. It is generally true that road paving facilitates traffic movement at low to moderate cost, thus often yielding the highest rate of return among different roadway investments.
Finally, the estimates of year dummies in all regressions show little or no time effect on the vehicle/road ratio.
Analysis with Urban Area Data
Data Problems for Aggregate Urban Analysis
In terms of the analysis of motorization and road networks, an urban area differs from a country in population density and, perhaps more important, in the flexibility of its boundaries. Urban areas have much higher densities than nations, but their boundaries are not fixed and change over time-usually increasing their-area. Moreover, urban expansion is typically associated with both population and income growth. Because of this peculiar urban phenomenon of boundary expansion, it is interesting to see how useful the analytical framework used to analyze motorization and roadway provision at the national level is at the urban level.
One particular problem in working with urban areas isthat the definition of their boundaries may differ across countries, so there can be problems of comparability. Conceptually, the built-up or full functional urban area is the relevant area for urban analysis. However, statistics based on built-up area are unavailable for most cities. Urban areas defined in some countries (such as the USA) for statistical purpose actually include sizable rural land or unused land. In some other countries, urban areas are defined for administrative purposes, and the change of their boundaries may lag behind the change of their actual full functional urban area.
Another problem is that urban land use is affected by government land use policies. While some cities exercise little control on development patterns, others enforce strict land use regulations such as zoning laws and building codes. With aggregate land use data obtained at the level of loosely defined urban areas, it is nearly impossible to distinguish whether the urban land use changes over time take place in the form of in-fill 21 development, or outward expansion, or a combination of both. All these are highly relevant to the changes in urban road network provision and performance.
Notwithstanding these data problems, it is worthwhile to compare motorization and road provision at the urban level with those at the national level. The cross-country analyses show the moderate role of population density in motor vehicle ownership and intensity of network use, while paved road density is unit elastic with population density (which implies that road length per capita is independent of population density). It is likely that population density also affects motor vehicle ownership and road network provision in cities, but the magnitude of its effect may be much greater because urban roads are typically congested (as congestion is related to population density) whereas national roads are typically not congested. This hypothesis, along with the role of other variables, are examined in this section.
The urban dataset used in this analysis includes 35 world cities. The upward sloping line segments shown in Figure 6 confirm that both population and land area increase over time for most cities. For many cities, the increase in area has been proportionally greater than the increase in population, and their average population densities have declined. Some cities experienced increases in population density (see Appendix Table 3 for detail), and a few line segments are virtually vertical. These represent cities whose boundaries changed very little (Copenhagen, Jakarta, London, Manila, and Seoul), or whose population growth outpaced land expansion (Bandung, Hong Kong, Surabaya, and Tokyo). A second key relation for urban areas is the association between population density and per capita income-shown in Figure 7 . One group of cities has high densities across the full range of income levels. In this group population density remains roughly constant or increases slightly as per capita income increases-indicating that income density increases directly with per capita income growth. A second group of cities has high per capita income levels and widely varying (and usually declining) population densities. Cities are likely to exhibit different, and path dependent, relations between population density and motor vehicle ownership because of the path dependency between population density and per capita income displayed in Figure 7 . 
Per Capta GNP (4n1987 USS)
Path dependency has at least two causes. First, physical endowments matter: existing patterns of population densities are strongly affected by the existing street layout and stock of buildings-neither of which will change quickly. Second, cities are embedded in environments with very different land prices and land availability. The cities with the highest income densities will be thoge with high per capita income and high population density, with the latter affected by land use constraints (physically or administratively) such as Hong Kong, Osaka, and Tokyo. It will be interesting to see how far motor vehicle ownership can continue to grow in such cities.
Motorization at the Urban Level
Trends of Motor Vehicle ownership across Cities and over Time
Figures 8a and 8b plot the relations of motor vehicle ownership with per capita income and population density for 35 urban areas, each at two points of time (mostly a 20-year span). At the urban level, as at the national level, per capita income remains a key determinant of motor vehicle ownership. Although the initial levels of motor vehicle ownership differ among the high income urban areas, they appear to have grown at comparable rates. On the other hand, unlike at the national level (Figure 2) , population density has a nonlinear and mainly negative relation with motor vehicle ownership both across cities and over time within cities. Population Density(poplkm2)
But Figure 8b shows two patterns within cities: a positive relation between motor vehicle ownership and population density for high density cities (such as Surabaya, Jakarta, Seoul, Osaka, and Hong Kong) up to about 100 vehicles per 1000 persons, and then a negative relation culminating in the lowest density cities (such as Pboenix and Perth). This negative relation indicates that among the higher income cities in Figure 8a, higher motor vehicle ownership is associated with lower population density-. Table 7 presents the results of vehicle ownership regressions for total motor vehicles, private cars and commercial vehicles. Similar to the national level estimates, per 24 capita income remains the most statistically significant explanatory variable (Eq. 1, Eq. 3, and Eq. 5). Income elasticities of vehicle ownership at urban level are 20 to 30 percent smaller than the similar estimates obtained with national data. Income elasticities for urban private car ownership are close to unity. The lower income elasticities may be caused by the use of national income data as a measure of urban incomes-which is likely to understate urban incomes in low income countries relative to high income countries. Adding population density to the regressions, as in Eq. 2, Eq. 4, and Eq. 6, tends to increase the explanatory power (R 2 ) slightly, but reduce the magnitude of income elasticities substantially. Because per capita income growth is the driving force for both population density decline and increased motor vehicle ownership, the income elasticities of vehicle ownership obtained from equations without population density variable, such as Eq. 1, Eq. 3, and Eq. 5 can be regarded as long-run income elasticity estimates.
Motor Vehicle Ownership Models
Finally, the coefficient estimates for gasoline prices become more significant at the urban level than the national level in equations without population density. The estimates for the ending year dummy are positive and significant, suggesting that the size of vehicle fleet tends to grow over time with omitted variables.
Saturation Level
Congestion on urban roads degrades motor vehicle performance, making vehicle ownership less attractive (and contributing to the lower income elasticities of vehicle ownership just discussed). Does congestion lead to a more marked pattern of ownership 25 saturation? The saturation level can be estimated using the similar method discussed in Section 2.1.5 for the national data. The urban saturation levels under the "business as usual" scenario are found to be roughly at 750 cars and 1,080 total motor vehicles per thousand population. These results suggest that saturation effects for auto ownership are little different in urban areas from those at the national level.
3.3. Provision of Roadways at the Urban Level 3.3.1. Roadway Provision and Urban Area Annexation Roadway provision at the urban level differs from that at the national level in four important respects. First, while national roads are built link by link, depending mostly on the locations of economic centers, urban roads are provided as a dense network to serve closely located properties and high volume activities. Urban roads provide capacity and not just connectivity. Second, at the national level, there is ample space for road network growth. In the built-up area of cities, the road network and the blocks it serves are very durable, and it is extremely expensive to add more roads in the built-up area. Third, because a city's physical area increases over time, much of the increment in total urban road capacity comes from annexing areas with existing roads. Fourth, while inter-city road traffic moves mostly on links, urban road traffic performance has much to do with road intersections. Therefore, urban road network improvement within built-up areas typically involves more work with intersections (traffic signals, interchanges, flyovers, etc.) than addition of roads. Measuring the urban road network by total road length (rather than lane kilometers) per unit area can be misleading-Although a similar problem exists for the national data, it is more serious for urban data. Nonetheless, in order to compare national and urban road provision, it is useful to examine the cross-city regularities using models parallel to those at the national level. 
These results show that the coefficient on base-year area does not change over time. This implies that virtually all of the increase in urban road length comes from annexation. In addition, the road network density of the annexed area is typically lower than that of the base-year area, so annexation reduces road network density.
Road Length Per Person and Urban Road Network Density
Since urban areas have high road densities and need transport capacity rather than point to point connectivity, road length per person should be a more appropriate measure of road supply than road density. The relations of per capita length of urban roads with per capita income, population density and income density are shown in Figures 9a, 9b and 9c. Across cities, higher per capita length of urban roads is associated with higher per capita income, but within cities per capita road length seems to be roughly constant. 
Figure 9a is a mirror image of Figure 7 because of the strong relation between per capita road length and population density shown in Figure 9b . And across income density levels ( Figure 9c ) two obvious trajectories appear, tending to converge at road lengths of one meter per capita. These two trajectories are for the high and low population density cities in Figure 7 , with the lower trajectory representing cities that differ greatly in per capita income but have similar high levels of population densities.
The per capita road length regressions are presented in Table 8 . Two variables, per capita income and population density, seem to work reasonably well in determining per capita length of urban roads (Eq. 3 and Eq. 4). Per capita road length increases with per capita income, but the elasticity is 0.3 to 0.4, much lower than at the national level. As shown in Eq. 3, there is unit elasticity of per capita road [-ngth with population densityopposite to the relation at the national level where, er capita road length is independent of population density. Eq. 2 and Eq. 4 include a variable measuring national income density-used as a proxy for rural land prices. When the cost of urban expansion rises, as indicated by this proxy, urban road per capita falls. Moreover, as indicated by the estimates for the ending year dummny variable, per capita length of urban roads decreases over time if other variables are held constant. This may reflect the effect of annexation of outlying land, the rising cost of providing urban roads, or the use of resources for other infrastructure including transit.
Saturation Level of Road Network Density
Because urban land use is highly intensive, an interesting question is whether there is a limit for urban road network density. Similar to the method used in Section 2.1.5, regressions with the following functional form are estimated with alternative assumed saturation levels: where RD is the length of road network per square kilometer; S, saturation level; UYD, urban income density; NYD, national income density; and k, bo, bi and b 2 , parameters. The regression with the highest R 2 gives the saturation level, which is 23 km/km 2 (estimated using the ending year data).
Applying the same method to national road network density, however, does not yield a saturation level (as R 2 continues to increase with assumed saturation level over the 23 km/km 2 urban limit). Because the actual highest national road network density is lower than 5 km/km 2 , there is ample space for the growth of national road network. Although road development in some countries is more heavily constrained by geographical features (mountains, rivers, islands, etc.) than in other countries, national road network saturation level, if any, would not be greater than that of the urban road network.
Production of Road Transport Services at the Urban Level
Similarly to the cross-country data, comparable road traffic data are not available at the city level for a large number of world cities. Therefore, we use the number of motor vehicles per kilometer of roads as a measure of the intensity of urban road network use.
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The relation of vehicles per kilometer of road with per capita income is plotted in Figure  10 . The average number of vehicles per kilometer is roughly five times greater on urban roads than on national roads for high income countries, and ten times for developing countries. Figure 10 is a reprise of Figure 7 , with large differences in vehicle/road ratios among high per capita income urban areas. The similarity between Figures 10 and 7 reflects the underlying positive relation between vehicles per unit of road and population density. The regressions using the vehicle/road ratio as the dependent variable are shown in Table 9 . The coefficients of both urban and national income densities-proxies for urban and rural land prices--have the correct sign, consistent with the hypothesis that rising land prices will increase the cost of roads relative to vehicles and raise the vehicle/road ratio. At the national level, income per capita was used in parallel equations (Table 6 ) as a proxy for the rise in the ratio of prices of nontradables to tradables. With this interpretation, the sign of per capita income would be positive, which was the case at the national level but is not the case now. This key difference may be explained by congestion in urban areas. At the national level there is no congestion, and increases in the vehicle/road ratio does not degrade vehicle performance. At the urban level, increases in the vehicle/road ratio will increase congestion and degrade performance, potentially giving support to a negative sign for per capita income. However, in this case the negative sign on per capita income more likely reflects the lower vehicle/road ratios in the low density, high per capita income urban areas. This relation is symptomatic of the developmental endowments of cities, rather than of a simple relation between incomes, roads, and motor vehicles.
Unlike at the national level, there is a very strong link at the urban level between population density and intensity of road use. Motor vehicle ownership and road length per capita both vary inversely with urban population density. Motor vehicles per kilometer of road are high for low income cities but vary greatly across high income cities.
The strong relation between population density and motor vehicle use has led some analysts (Newman and Kenworthy, 1989) to suggest that cities should use population density as a policy instrument and increase densities in order to reduce motor vehicle ownership and use. The direction of causation between population density and motor vehicle use is a real issue for this recommendation. The variation of population density across high income cities strongly suggests that the newer cities-whose growth took place when auto ownership was already high-are the low density cities. Motor vehicle use appears to be one important determinant of densities. If this is true, those who wish to reduce auto use should also focus on the motor vehicles and not only on population densities. The proper pricing of motor vehicle use in urban areas deserves more attention than restrictions on residential density. 
Conclusions
The empirical work presented in this paper is a first attempt to analyze motorization and road provision together. Much of the analysis is descriptive, and it is potentially foolhardy to claim that it supports strong conclusions. However, the foliowing propositions are offered as preliminary conclusions-although some are better described as findings that were especially surprising. * Simple economic variables are strongly associated with motorization at both the national level and at the urban level, and the underlying behavior of vehicle owners seems very similar at both levels, with somewhat weaker income effects at the urban level.
* The composition of the vehicle fleet changes is a regular fashion, with the share of cars rising steadily as incomes grow.
* The availability of rail networks has essentially no impact on car ownership; evidence suggests that rail may substitute for commercial vehicles and is therefore more competitive for freight than for passenger travel.
* Vehicle ownership increases with income, and estimated ownership saturation levels are well above currently observed levels and similar for national and urban data.
* Road provision at the national level is very responsive to income, especially for paved roads. Road provision is very consistent across countries even though it is publicly provided. There is little evidence of outliers or pathology in road provision.
* Simple models based on changing relative prices of roads to motor vehicles have substantial power to explain the variation in vehicle/road ratios at the national level.
* Appropriate measures of road provision differ between the national and urban level, with connectivity (measured by road density) being key at the national level and capacity (measured by road length per capita) at the urban level.
* Road provision at the urban level expands more slowly with income than at the national level and it is negatively associated with population density, whereas population density is positively associated with road provision at the national level.
* Urban area road provision is strongly influenced by past physical endowments; per capita road provision and population densities vary substantially across cities with high per capita incomes, but are very similar across cities with low per capita incomes. Finally, cross-city data show that a saturation level exists for urban road network density. 
